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Individual genes encoding SPB proteins include
CDC31 (Baum et al., 1986; Spang et al., 1993), KAR1
(Rose and Fink, 1987; Spang et al., 1995), SPC42 (Don-Summary
aldson and Kilmartin, 1996), SPC98 (Geissler et al.,
1996), SPC110 (Kilmartin et al., 1993), SPC97 (Knop et
The spindle pole body (SPB) is the microtubule or- al., 1997), and TUB4 (Marschall et al., 1996; Spang et
ganizing center (MTOC) in the yeast Saccharomyces al., 1996). Both CDC31 and TUB4 encode proteins with
that plays a pivotal role in such diverse processes as homologs in the mammalian centrosome, the equivalent
mitosis, budding, and mating. We have used cryoelec- organelle in higher eukaryotes (Lee and Huang, 1993;
tron microscopy and image processing to study the Errabolu et al., 1994; Marschall et al., 1996; Spang et
structure of isolated diploid SPBs. We show that SPBs al., 1996). Cdc31p is a calmodulin-like protein (Baum et
are present in two lateral-size classes, sharing a simi- al., 1986) that has been localized to the SPB half-bridge
lar vertical architecture comprised of six major layers. (Spang et al., 1993). Centrosome assembly invitro requires
Tomographic reconstructions of heparin-stripped SPBs g-tubulin for MT nucleation (Stearns and Kirschner,
reveal a central hexagonally packed layer. Overex- 1994), and Tub4p has been shown to be the g-tubulin
pression of Spc42p results in the growth of a similar homolog in yeast. Tub4p forms a 6S complex with
layer, forming a crystal that encircles the SPB. Hence, Spc97p and Spc98p (Knop et al., 1997) that has been
the SPB is an MTOC that utilizes crystallographic localized to both the nucleoplasmic and cytoplasmic
packing of subunits in its construction. sides of the yeast SPB (Rout and Kilmartin, 1990; Gies-
sler et al., 1996; Spang et al., 1996), and MTs initiate
from these surfaces into the nuclear and cytoplasmicIntroduction
compartments, respectively.
Several major SPB components have been identifiedThe spindle pole body (SPB) functions as the microtu-
and localized using isolated SPBs and chemically de-bule organizing center (MTOC) in yeast in a manner
rived subcomplexes (Rout and Kilmartin, 1990, 1991;analogous to the centrosome material (PCM) in higher
Donaldson and Kilmartin, 1996; Geissler et al., 1996;eukaryotes. The yeast MTOC is a dynamic organelle that
Kilmartin and Goh, 1996). Hence, a structural analysisparticipates in mitosis, meiosis, and nuclear move-
of isolated SPBs may allow a direct correlation betweenments. The SPB is comprised of an outer plaque that
protein position and function in this organelle. For exam-nucleates the cytoplasmic microtubules (MTs), a central
ple, the central coiled±coil rod of Spc110p acts as aplaque that spans the nuclear envelope (NE), and an
molecular spacer to separate nuclear MTs from the cen-
inner plaque that anchors the nuclear MTs (Robinow
tral plaque (Kilmartin et al., 1993). A second protein of
and Marak, 1966; Moens and Rapport, 1971; Peterson
the central plaque, Spc42p, is predicted to contain a
et al., 1972; Byers and Goetsch, 1974; Peterson and Ris, central coiled±coil rod, and overexpression produces a
1976). Cytoplasmic MTs extend into the growing bud, thin, flexible sheetcomprised of phosphorylated Spc42p
orienting the nucleus during cell division, while the nu- that encircles the SPB. This Spc42p sheet sits on the
clear MTs form the mitotic or meiotic spindle (Byers, cytoplasmic surface of the nuclear envelope and may
1981). Therefore, the SPB provides an opportunity to be attached to the endoplasmic reticulum at its opposite
study an MTOC in which MTs are directionally ordered, face (Donaldson and Kilmartin, 1996).
unlike the situation in higher eukaryotes, wherein MTs In this paper, we have calculated cylindrically aver-
are nucleated from the centrosome in random orienta- aged maps of frozen-hydrated SPBs. The data indicate
tions (Moritz et al., 1995). that SPBs isolated from diploid cells exhibit two major
The structure of the SPB is capable of undergoing lateral-size classes, with a similar vertical architecture.
dramatic alterations in lateral size (diameter), without Moreover, several layers have been identified, including
concomitant vertical changes. The SPB must nucleate two intermediate layers (IL1 and IL2) located between
at least one microtubule per chromosome, and since the outer and central plaques and the demarcation of
yeast can vary their ploidy, its size must be regulated in the inner plaque into a beaded layer distinct from the
response to the cell's chromosome number. Moreover, capped nuclear MT layer. Electron tomographic recon-
structions of heparin-extracted SPB cores reveal aduring G1/S the SPB duplicates a new copy of itself at
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central hexagonally packed layer, corresponding to IL2. the SPB, the layers are the outer plaque (OP), two inter-
mediate layers (IL1 and IL2), the central plaque (CP),As shown previously, overexpression of Spc42p forms
SPB-associated sheets (Donaldson and Kilmartin, and the inner plaque (IP), which can be subdivided into
a beaded layer (IP1) and a more distal region that an-1996). We have shown that these sheets are two-dimen-
sional (2D) crystals with a periodicity similar to the hex- chors the capped MTs (IP2) (shown diagramatically in
Figure 7).agonal layer in SPBs. Therefore, the overexpression of
Spc42p induces the nucleation and epitaxial growth of
2D crystals from a similar preexisting hexagonal layer Diploid SPBs Exhibit Distinct Lateral-Size Classes
within the SPB. We present a model of the SPB as a Isolated SPBs demonstrate a large lateral-size distribu-
dynamic organelle with an Spc42p crystal located at tion in preparations from diploid strains of Saccharo-
its core, which is capable of undergoing lateral-size myces, while their vertical architecture remains invari-
changes during the yeast life cycle. ant. Examples of this dramatic lateral variability are
presented in Figure 2, where isolated SPBs are viewed
Results edge-on. These SPBs were prepared from a strain of S.
uvarum confirmed to be diploid by flow cytometry (data
Morphology of SPBs not shown). Most of the SPBs with MTs are viewed
SPBs that have been enriched z200-fold still closely edge-on or nearly edge-on. The lateral size of these
resemble those in intact cells and retain their nuclear SPBs was measured at their narrowest region, the inter-
microtubules (Rout and Kilmartin, 1990). We have exam- mediate layers, yielding SPB diameters that range from
ined the morphology of these SPBs in frozen-hydrated less than 800 AÊ to greater than 2000 AÊ (see Figure 3A).
specimens (see Figure 1), thus extending the information There are two broad peaks in the size distribution, with
available from thin sections and negatively stained sam- average diameters of z1180 (Figures 2A and 2B) and
ples (Peterson and Ris, 1976; Byers, 1981; King et al., z1510 AÊ (Figures 2C and 2D). In addition, 5% of the
1982; Rout and Kilmartin, 1990). The layered organiza- SPB population is significantly larger, with diameters
tion of the SPB is more complicated than the three- ranging from 2500±2800AÊ (data not shown).The variabil-
layered structures proposed previously (Robinow and ity of diameters within a single lateral-size class may
Marak, 1966; Moens and Rapport, 1971; Peterson et al., originate from the following: (i) deformations within indi-
1972; Byers and Goetsch, 1974; King et al., 1982). A vidual SPBs; (ii) small misorientations of SPBs from true
minimum of six layers is now recognized in frozen- edge-on views; (iii) errors associated with the determina-
hydrated SPBs (Figure 1) and the best thin sections (see tion of SPB edges; or (iv) incomplete assembly of SPBs
Figure 1, inset). Starting at the cytoplasmic surface of during spheroplasting and nuclei purification. However,
these factors cannot account for the observed differ-
ences in diameter of the two major lateral-size classes.
While the lateral-size classes may represent differing
views of an elliptical SPB with an axial ratio of z1.28,
thin sections of pelleted SPBs (Rout and Kilmartin, 1990)
and en face views of SPB cores indicate that SPBs are
circular.
SPB pairs often remain intact after purification and
are attached in a side-to-side manner by a bridge of
proteinaceous material that is comprised of two strands
(Figures 2E±2G). These SPB-associated MTs have open
distal ends (Figures 1 and 2F), as opposed to the capped
ends found proximal to the SPB (see Figure 2G) (Byers
et al., 1978).
SPBs Have a Conserved Vertical Architecture
Supramolecular assembliesare generally wellpreserved
in the frozen-hydrated state, as they are subjected to
minimal changes in buffer composition, pH, and surface
tension (Akey, 1992). In large assemblies such as the
SPB, resolution may be limited by specimen-specific
factors related to intrinsic deformability and stability
during biochemical fractionation. The SPB isolation pro-
cedure has the potential to induce structural changes;
however, the close correspondence between SPB mor-
Figure 1. An Image of an Isolated Yeast SPB in Amorphous Ice phology in thin sections of cells and the isolated cryo-
The prominent layers of the SPB are indicated: OP, outer plaque; specimens indicates that any such changes are minor,
ILs, intermediate layers (top, IL1; bottom, IL2); CP, central plaque; with the exception of the loss of cytoplasmic MT nucle-
IP1, beaded inner plaque 1; IP2, capped microtubules. The distal
ation activity (Rout and Kilmartin, 1990).end of a broken MT is indicated as MTd. Inset: thin section of a
Initially, SPBs were separated into two lateral-sizeyeast SPB after detergent extraction. Note the well-ordered ILs.
Protein is black and magnification bars 5 500 AÊ . classes based on the width of their intermediate layers
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Figure 2. A Gallery of Yeast SPBs Embedded
in Amorphous Ice That Demonstrate Lateral-
Size Variations
(A and B) Representative images of the small
lateral-size class of SPBs.
(C and D) Representative images of the me-
dium lateral-size class of SPBs.
(E±G) Pairs of side-by-side SPBs in amor-
phous ice, joined by a bridge (ªBº) that is
usually present as a pair of strands. Capped
ends of the microtubules are proximal to the
SPB. Protein is black and magnification bar 5
500 AÊ .
and aligned, and 2D projection averages were com- thin sections (see Figure 1, inset), suggesting an ordered
structure with a spacing of 106 AÊ in this region. The CPputed. During specimen freezing, random rotations
about the cylindrical axis of the SPB occur, providing sits in the plane of the nuclear envelope and is the most
electron-dense region of the SPB. IP1 is discernible asimages of SPBs viewed from many different directions.
We have used edge-on views of SPBs in vitreous ice to a beaded layer that is separated vertically from the CP
by z310±360 AÊ . After the loss of MTs, the beaded com-obtain 2D and three-dimensional (3D) cylindrical aver-
ages (Stallmeyer et al., 1989), and this symmetry was ponents of IP1 may aggregate to form a more prominent
inner plaque (data not shown). The MTs associated withenforced toenhance the signal of the final maps (Figures
3B and 3D). However, major features in the final maps IP2 appear capped, similar to those seen previously
(Figures 1 and 2G) (Byers et al., 1978) and are locatedwere also present in the unenforced maps.
In the 2D maps, the OP is divided into two layers, as at an average vertical spacing of 650±750 AÊ beneath
the CP.observed in isolated SPBs (e.g., Figures 2B±2D), and
the first intermediate layer, located closest to the OP, Cylindrically averaged 3D volumes were computed
from the 2D projection maps. Examination of cross sec-consistently demonstrates a beaded subunit appear-
ance in projection (e.g., Figures 2A±2D). The second tions through the 3D maps (Figures 3C and 3E) again
shows the inner plaque as a beaded density, suggestingintermediate layer has a vertical spacing similar to IL1
and is aligned above the CP. A periodic structure, simi- that the components have a lateral width of z100 AÊ .
While sections through 3D maps accumulate noiselar to that observed in IL1, is present in IL2 regions of
select SPBs (Figures 2A and 2C). Moreover, the appear- along the central axis (Stallmeyer et al., 1989), the promi-
nent layers are clearly resolved in small and mediumance of subunits within the two ILs is pronounced in
Figure 3. Histogram of SPB Lateral-Size Dis-
tribution and Cylindrical Averages of the
Small and Medium Classes
(A) Histogram distribution of lateral size ver-
sus SPB frequency. The distribution is bi-
modal, indicating the presence of two major
lateral-size classes in diploid Saccharo-
myces. SPBs with ILs larger than 1770 AÊ com-
prise z5% of the dataset (n 5 14) and are
not plotted.
(B) Averaged 2D projection of small SPBs
after enforcing the cylindrical symmetry (n 5
102), with strongly scattering protein density
white.
(C) Central section through the cylindrically
averaged 3D map of the small SPBs. IL2 is
closely associated with the CP.Note the verti-
cal streak of noise through the center of the
particle (N). The inner plaque is resolved into
roughly 3 concentric rings, each with a cross section of z100 AÊ (black arrowheads).
(D) Averaged projection of medium SPBs after enforcing the cylindrical symmetry (n 5 65). The most pronounced difference in diameter
occurs within the ILs.
(E) Central section through the cylindrically averaged 3D map of the medium SPBs. Vertical features are similar to those in the small form in
(C). Scale bar 5 500 AÊ .
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Table 1. Average Spacings of SPBs in Vitreous Ice (Angstroms)
2D Projections 3D Central Sections
Width aThicknessz bHeightcp Width Thicknessz Heightcp
Small SPBs
OP 1658 6 40 381 6 20 686 1767 272 629/743c
IL1 1220 95 457 1260 114 400/509
IL2 1140 114 286 1314 114 243/343
CP 1772 286 1830 229/314
IP1 164 6 24 310 6 38 143 443 6 43
MT caps 152 6 75 700 6 43
Total height CP→OP 972 1000
Medium SPBs
OP 1830 267/324 675 2029/1972 294/314 630/709
IL1 1420 95 457 1458 114 443/514
IL2 1429 95 293 1487 86 272/352
CP 1910 287 2030 257
IP1 172 355 6 19 171 424 6 64
MT caps 696 6 67
Total height CP→OP 943/991 914/1000
aSpecimen thickness along the vertical axis, normal to the laminar plaques of the SPB.
bDistance from the bottom of the CP to the bottom of layers above and the tops of layers below.
cThe slight concavity of the CP in the 3D maps necessitates that both the minimum and maximum distances be given. In general, the average
of these values is similar to the value obtained from the corresponding measurement on the 2D cylindrically averaged projection.
SPBs (Figures 3C and 3E, respectively). A comparison Tomographic reconstruction provides a method for
computing 3D structures in which data are merged fromof interlayer spacings within the small and the medium
SPBs is detailed in Table 1. While the widths of the a tilt series of images taken at different viewing angles,
much as CT scans are used in medical imaging. In elec-plaques differ between small and medium SPBs, the
vertical dimensions are invariant, with both small and tron microscopy, it is the specimen rather than the cam-
era that is rotated, and images must be digitized andmedium SPB classes having a total height, as measured
from the bottom of the CP to the top of the OP, of aligned prior to computing the reconstruction. Overall,
5 tomographic reconstructions of heparin-stripped SPBz950±1000 AÊ .
cores were computed (2 in ice, 3 in stain) from images
recorded between 2508 to 1508, in 58 increments. WeTomographic Reconstructions of the SPB Core
The mass of intact SPBs was measured by dark-field present data from the best single 3D map, but the results
are consistent within all 5 reconstructions. Structuralscanning electron microscopy (STEM) (Wall and Hain-
feld, 1986), givinga single peak for whole SPBs centered features are visible in such a tomographic reconstruc-
tion of the SPB core, when the volume is viewed ason z1.8 gigadaltons (109 Da). This massvalue is approxi-
mate owing to the difficulty of excluding MTs and extra- successive slices, starting at the cytoplasmic side of
IL2 and moving through the CP and Spc110p filamentsneous adsorbed material in the mass measurements of
whole SPBs; hence, a bilobed mass distribution corre- (Figures 4E±4J [protein is white]). The positions of these
slices are shown diagramatically in Figure 4D; the spac-sponding to small and medium SPBs is not observed.
Therefore, the mass of any diploid SPB may lie between ing between successive slices is 140 AÊ . Prominent fea-
tures visible in the SPB core reconstruction include: a1±1.5 gigadaltons. We then chemically stripped the SPB
with heparin to form cores in which the MTs and associ- disordered region above IL2 (see Figures 4E and 4F); a
hexagonally packed punctate mesh that extends verti-ated material are solubilized; this treatment also re-
moves most of the OP and IL1 (Rout and Kilmartin, cally for about 120 AÊ (ªxtº in Figure 4G); an outer ring
of density at the level of the CP (ªbº in Figure 4H); and1990). The reproducibility of the SPB core structure was
determined both by visual inspection (see Figures 4A± thin filaments emanating from the nucleoplasmic sur-
face of the CP (ªfº in Figures 4I and 4J).4C) and STEM mass analysis. Generally, the SPB cores
are seen face-on in ice and stain (see Figures 4A and Computed Fourier transforms of the slice in Figure 4G
(see Figure 5A) show a hexagonal lattice with a spacing4B [protein is black]), although edge-on views are still
observed (see Figure 4C). Analysis of STEM data gives corresponding to 135 AÊ in the SPB (Figure 5B), superim-
posed on a complicated pattern that is not yet interpret-a mass for the SPB core of 0.54 6 0.23 gigadaltons,
suggesting that a metastable intermediate is formed. able. The hexagonal layer extends for a thickness of
z120 AÊ . These data are consistent with this layer beingA linear correlation of the SPB core mass with cross
sectional area (data not shown) indicates that the large either hexagonally closest packed or a crystal; however,
analyses of sheets of overexpressed Spc42p stronglystandard deviation is due to the inherent variation in
lateral sizes of native SPBs. Visual inspection confirms suggest that this SPB layer is crystalline (see below). A
filtered reconstruction reveals largechannels (Figure5C,that the core particles retain disordered cytoplasmic
filaments, IL2, a CP, and nucleoplasmic filaments that dark regions labeled with a white dot) located on possi-
ble 3- or 6-fold axes and protein located on the 3-foldmay be related to Spc110p spacers (see Figure 4D) (Rout
and Kilmartin, 1990). positions (Figure 5C, white regions labeled ª3º). These
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Figure 4. Images and Tomographic Recon-
struction of the SPBCore Produced by Hepa-
rin Treatment
(A and B) Face-on views of the frozen-
hydrated and negatively stained SPB cores
(protein is black). f, filaments. Scale bar 5
500 AÊ .
(C) Edge-on view of a negatively stained SPB
core (protein is black).
(D) Schematic diagram of the metastable SPB
core, with approximate vertical positions of
the slices shown in (E±J) indicated.
(E±J) Successive slices through the tomo-
graphic 3D map of frozen-hydrated SPB core
(protein is white). The SPB core is viewed
face-on, beginning at the cytoplasmic side
and progressing toward the nucleoplasmic
side, with 140 AÊ between slices. (E and F) A
disordered region above IL2. (G) An ordered
punctate appearance is visible in the central
region of this slice (xt). Further analyses (see
Figure 5) demonstrate that this punctate re-
gion is hexagonally packed. (H) A ring of pro-
tein is visible forming a border (b) located at
the base of the hexagonal IL2 crystal and at
the top of the CP. (I) Region in the CP in
which filamentous proteins are visible (f). (J)
Filamentous proteins (f) are seen emanating
from the bottom of the SPB core.
results have been confirmed by tomographic recon-
structions of negatively stained SPB cores; however,
SPB cores preserved in negative stain show a weaker
hexagonal pattern, and their Fourier transforms have a
lattice spacing corresponding to 129 AÊ in the SPB.
The hexagonal layer was deduced to be present at
the level of IL2 within the SPB core. This suggested a
relationship between the internal layer and the sheets of
Spc42p that appear after overexpression. We therefore
examined the structure of these SPB-associated sheets.
Overexpressed Spc42p Forms a Two-Dimensional
Crystal That Encircles the SPB
When overexpressed in yeast, Spc42p forms a 2D sheet
surrounding the SPB (Donaldson and Kilmartin, 1996).
SPBs and their associated Spc42p sheets were isolated
and stripped with heparin. Examination of a positively
stained Spc42p sheet reveals a hexagonal mesh with a
lattice spacing of 126 AÊ (Figure 6A and inset). Three
diffraction orders are found in the best specimens, cor-
responding to a resolution of 36 AÊ (Figure 6B).Computed
Fourier transforms of these 2D crystals contain both
amplitude and phase information. The transforms were
filtered to includeall data corresponding to the plausible Figure 5. Analysis of a Hexagonal Layer Present within the SPB
2D plane groups: p3, p312, p321, p6, and p622 (see Core
Experimental Procedures). Initial projection maps were (A) A slice through the tomographic reconstruction of an SPB core
computed without symmetry and were similar to maps preserved in vitreous ice. Scale bar5 500 AÊ .
(B) Computed Fourier transform of (A). The 6-fold symmetry of thecalculated with the appropriate symmetry enforced
pattern is clearly visible; circled diffraction spots correspond to a(data not shown). The final map is shown in Figure 6C.
crystal spacing of 135 AÊ .For comparison with the map of the central hexagonal
(C) Two-dimensional projection map of (A) with imposed symmetry.layer from the SPB core (see Figure 5C), a lower resolu-
The large black regions are holes in the lattice that lie on the 3- or
tion projection map (with only the [1,0] and symmetry- 6-fold axes (labeled with a white dot). The positions of highest pro-
related reflections) is shown in Figure 6D. tein density appear on the conserved 3-fold axes (labeled ª3º). Pro-
tein is white and scale bar 5 50 AÊ .The phases of symmetry-related diffraction spots
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Figure 6. A Two-Dimensional Crystal Surrounds the Native SPB when Spc42p Is Overexpressed in Saccharomyces
(A) Electron micrograph of a positively stained Spc42p crystal; protein is black. Inset: an enlarged area showing the honeycomb crystal
packing. Both scale bars 5 1000 AÊ .
(B) Computed Fourier transform of a well-ordered Spc42p crystal. The 6-fold symmetry of the pattern is visible, and diffraction spots are
present to the third order, corresponding to 1/36 AÊ .
(C) Two-dimensional projection map calculated from the diffraction pattern in (B), with appropriate symmetry imposed on the data. The large
black regions located on the 3- or 6-fold axes (labeled with a white dot) are holes in the lattice, The strongest white densities may correspond
to face-on views of rods of coiled±coil Spc42p located on the 3-fold axes (labeled ª3º).
(D) Low resolution map including first-order diffraction spots for comparison with the SPB map shown in Figure 5C. Scale bar 5 50 AÊ .
were used to exclude the p3 plane group. Crystals were 235 AÊ (SD 5 12 AÊ ). Vertical striations visible in edge-on
views (see Figure 12b of Donaldson and Kilmartin, 1996)frequently found with doubled diffraction patterns, as
indicated by the presence of two hexagonal arrays of have a 109 AÊ spacing, suggesting that these views arise
from a projection along the (1,0) axis of the hexagonallyreflections with a small rotational offset, suggesting that
two adjacent layers in the Spc42p sheets can be packed packed crystal (d 5 126 AÊ 3 sin 608), in agreement
with values obtained from the side-to-side spacing ofin register (one set of spots) or out of register (double
sets of spots); hence, the one-sided p6 plane group can subunits within the IL layers, both in cryoimages and
thin sections.be excluded. However, it is not yet possible to constrain
the space group further, as the resolution of the Spc42p The similarity in lattice spacing, and the vertical posi-
tioning of the overexpressed Spc42p sheets relative tocrystals is limited by damage during purification. The
final maps have the higher 622 symmetry by default, the CP, suggest that the external 2D crystals of Spc42p
may be nucleated from the preexisting hexagonal layeras reflections of the type (1,2) and (2,1) are missing.
Nevertheless, the remaining 2D plane groups share a observed in SPB cores by tomographic 3D reconstruc-
tion. Hence, IL2 may becomprised in part of hexagonallycommon 3-fold axis (marked ª3º in Figures 5C, 6C, and
6D), but the identity of a second vertical-symmetry ele- packed Spc42p.
ment remains undetermined and can be either 3 or 6,
although 6 appears to be favored. Discussion
The projection maps show white circles of protein
density z25 AÊ in diameter. This density may correspond The structural complexity of the yeast SPB is an ex-
pected consequence of its pivotal function as an MTOCto face-on views of the predicted Spc42p coiled±coil
filaments located on 3-fold axes common to the 3 possi- for both cytoplasmic and spindle microtubules. The SPB
presents a challenging problem in assembly, given itsble 2-sided plane groups (labeled ª3º in Figure 6C).
Weaker intensities that surround the 3-fold axis may large size and ability to undergo lateral-size variations
during its life cycle while maintaining an invariant verticalrepresent globular regions that form lateral interactions
within the crystal. Edge-on views from 76 thin-sectioned architecture. In this paper, we have shown that the SPB
may utilize a novel approach, in which a central crystalSpc42p sheets were measured, giving a thickness of
Architecture of the Yeast Spindle Pole Body
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of Spc42p is used as an architectural seed around which A Central Crystalline Core of Spc42p
within the SPBdifferent lateral-size classes are assembled.
When overexpressed, Spc42p forms a sheet that is con-
tinuous with the CP and encircles the SPB (DonaldsonVertical and Lateral Architecture of the SPB
and Kilmartin, 1996). An electron-dense line is visible inWe have used electron microscopy to analyze isolated
cross sections of the Spc42p sheet, suggesting that theSPBs and SPB cores to obtain views of their substruc-
sheet is comprised of a double layer. We have deter-ture in greater detail. We show that SPBs from diploid
mined that Spc42p forms a 2D crystal with p312, p321,cells may vary in lateral diameter over a range of 800±
or p622 plane-group symmetry. After enforcement of2000 AÊ , corresponding to a factor of 5 increase in their
the symmetry constraints common to the three two-cross sectional areas. There are no concomitant
sided plane groups, the resulting projection maps werechanges in the vertical dimension, which maintains a
used to deduce a plausible packing model of Spc42pheight of 950±1000 AÊ in all SPBs, indicating that the
within the peripheral crystals and the SPB.vertical architecture of the SPB is invariant during this
The dominant feature of the maps is a circular proteinremarkable structural change.
density z25 AÊ in diameter and located on the conservedSix layers were identified within the vertical architec-
crystallographic 3-fold axes. Moreover, strong verticalture of the SPB, including two intermediate layers lo-
striations are present in certain edge-on views of thecated between the outer and central plaques and a
sheets, suggesting that filaments of Spc42p are alignedbeaded layer of the inner plaque (IP1) located roughly
perpendicular to the plane of the thin crystals. We sug-halfway between the CP and the capped MT layer (IP2)
gest that either three or six Spc42p molecules form a(Figure 7). Our mapping of the SPB layers will provide
trimeric coiled±coil or a trimer of dimeric coiled±coils,a calibration benchmark, which future deletion and in-
respectively. In this packing scheme, helical rods of thesertion experiments can use to identify the position of
predicted coiled±coil region of Spc42pare packed along
modified SPB components. The SPB preparations ana-
the 3-fold axis in the crystals, with their filament axes
lyzed in the current study were isolated from rapidly
aligned perpendicular to the plane of the sheets. More-
growing yeast; hence, the SPBs are present in a number
over, initial cross-linking experiments on the Spc42p
of lateral-size classes and configurations, including
crystals revealed a ladder of bands comprised of mono-
side-to-side alignments of mother-daughter SPBs con-
mers, dimers, tetramers, and hexamers after glutaralde-
nected by a half-bridge. Interestingly, diploid SPBs are
hyde fixation (data not shown). This result suggests that
present in at least two size classes that may reflect an a trimer of dimers is present in the crystal, and this
intrinsic ability to vary lateral SPB size during the cell analysis should be corroborated by additional physical
cycle. Alternatively, daughter SPBs may undergo a studies and a 3D reconstruction.
slower assembly in this strain, giving rise to intermedi- In either packing arrangement, globular domains of
ates that form distinct size classes. Spc42p may form lateral interactions that stabilize the
crystal. In support of this model, the predicted heptad
containing a-helical regions of Spc42p are z80 amino
acids long, corresponding to a helical rod z125 AÊ in
length (1.54 AÊ rise per residue). Thus, the measured
thickness of thin-sectioned Spc42p arrays (235 AÊ ) is
compatible with a double-layered crystal in which a pair
of Spc42p coiled±coils are packed head-to-head to form
the fundamental repeating unit. A model in which
Spc42p rods from adjacent layers are interdigitated in
a head-to-head manner would explain the limited crystal
growth in the third dimension, the electron-dense cen-
tral line visible in cross sections that results from over-
laps between layers, the periodic vertical striations seen
in thin cross sections, and the formation of crystals with
rotationally offset layers.
What is the relationship between the Spc42p sheets
formed during overexpression and the structure of
Spc42p in native SPBs? Tomographic reconstructions
of negatively stained and frozen-hydrated SPB cores
strongly suggest that a crystalline packing of Spc42p
creates an internal scaffolding within the yeast MTOC.
Slices directly above the CP reveal a hexagonally
Figure 7. Schematic Diagram of the SPB packed crystal. Diffraction patterns from these slices
The vertical layers visible in cryoelectron micrographs and cylindri- show that the lattice spacing is 135 AÊ , similar to the
cal averages of isolated SPBs include the OP, IL1, IL2, the CP, and spacing of the external Spc42p crystal (d 5 126 AÊ ) in
the inner plaque (IP1) and capped microtubules (IP2). Previous work stained specimens. Tomographic reconstructions of
has identified Spc42p as an IL2 component and Spc110p as a CP
SPB cores preserved in negative stain yield similar re-and IP1 component. A complex of Spc98p, Spc97p, and Tub4p is
sults (d 5 129 AÊ ), and the smaller spacing of fixed orlocalized to both the outer and inner plaques. Our data indicate that
stained samples may be due to specimen drying. Aver-IL2 contains a hexagonally packed crystal of Spc42p that forms a
central core within the SPB. aged maps of the tomographic slices are similar to maps
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of less-ordered Spc42p crystals (data not shown). Like- external double-layer crystals, and these contacts
would be blocked by the assembly of IL1. Further workwise, the hexagonal structure visible within the SPB
will be needed to differentiate between these two mod-core can be mimicked by omitting the higher resolution
els of SPB architecture. However, the SPB must main-diffraction spots from the Spc42p crystal data and com-
tain its layered structure in the presence of strong op-puting a 2D projection map.
posing forces associated with spindle function; hence,The conserved lattice spacing of the hexagonal layer
the interactions that mediate interlayer associationsin SPB cores and the external crystals, the similar ap-
must be particularly stable and may be mediated by thepearance of the resulting 2D projection maps, the ob-
formation of intermolecular coiled±coils.served nucleation of the external Spc42p crystalline
The size of the SPB is z203 that of the yeast nuclearsheet from the SPB upon overexpression, and the immu-
pore complex, which may be comprised of z50 differentnolocalization of Spc42p to this region (Rout and Kilmar-
proteins. While this might lead one to speculate that thetin, 1991; Donaldson and Kilmartin, 1996) are entirely
SPB requires a large number of distinct proteins, ourconsistent with the hypothesis that an Spc42p crystal
evidence indicates that a much simpler blueprint mayforms the core of the native SPB. Moreover, the ob-
be used in which a small number of proteins are presentserved lateral spacings of subunits within SPB cryo-
in high copy numbers. For example, the SPB may con-images in the IL region and in thin sections (d 5 106 AÊ )
tain z1000 copies of Spc42p, consistent with the num-are similar to the side-to-side spacing between vertical
ber of unit cells expected within the crystalline core ofstriations observed in thin sections of the external
the SPB. Hence, individual layers may be composed ofcrystals.
multiple copies of one or a few proteins, and the SPBA model for SPB assembly can be envisioned in which
excluding the bridge structure would contain a totalthe Spc42p crystal is constrained by interactions with
of z20±30 unique proteins. Both Spc110p and Spc98pan outer protein ring visible in slices at the top of the
have been shown to span entire layers of the SPB, pro-CP. During overexpression of Spc42p, the internal hex-
viding additional evidence for this model (Rout and Kil-agonal layer seeds epitaxial growth of an external 2D
martin, 1990; Kilmartin et al., 1993; Geissler et al., 1996;crystal that sits on the surface of the nuclear membrane
Kilmartin and Goh, 1996).(Donaldson and Kilmartin, 1996).
The substructures that we have observed in the inter-
mediate layers and the inner plaque are consistent with
an SPB model in which adjacent vertically aligned fila-Building a Behemoth
mentous subunits use lateral interactions to form theThe SPB is an extremely large organelle, and STEM
visible layers and plaques. Helical domains within theanalysis shows a linear correlation between SPB cross
molecules may define the interlayer distances, actingsectional area and mass; hence, our best estimate of
as spacers and linkers. Flexible filamentous linkers posi-the mass range is z1±1.5 gigadalton, or roughly twice
tioned between the MTs and the ordered Spc42p crys-the mass of the heparin-stripped core. How does the
talline core and comprising part of the CP may mediatecell build an MTOC of this size and complexity? Our
the necessary dynamic rearrangements of spindle and
data suggest that the SPB may be built in a modular
cytoplasmic MT arrays. In this way, the SPB would be
and sequential manner, in which a central crystal of
insulated from stresses associated with MT function.
Spc42p provides an internal scaffolding for the addition
For example, Spc110p is a filamentous SPB protein
of proteins of the CP. The similar thickness of the IL2 within the nucleus, located just below and possibly
layer in cylindrical averages and the observed vertical within the CP. Genetic techniques were used to shorten
extent of the hexagonal layer within the 3D tomographic the predicted a-helical coiled±coil region of Spc110p,
maps (120 AÊ ), suggests that the SPB core may contain resulting in a reduction in the distance between the
a single Spc42p layer that is present at the top of the central and inner plaques, while maintaining the wild-
CP. We surmise that the internal Spc42p crystal forms type appearance of the plaques themselves (Kilmartin et
a part of IL2 in native SPBs. However, it is tempting to al.,1993). However, theshortest linker proved somewhat
speculate that IL1 is also a crystalline layer comprised detrimental to cell growth. Hence, Spc110p provides an
of Spc42p, so that the intermediate layers of the SPB example of the ability of a single SPB protein to assem-
would precisely mimic the external double-layered crys- ble a complex structure. When overexpressed in yeast,
tal that grows during overexpression. In such a model, Spc110p forms large polymeric intranuclear arrays con-
the cytoplasmic plaque would anchor the second oppo- taining features that closely resemble the CP and the
sitely facing layer of Spc42p, and loss of the OP during filaments running between the CP and IP2 (Kilmartin
heparin extraction would result in the partial loss of IL1 and Goh, 1996). Therefore, it would seem that Spc110p
from the SPB cores. Moreover, an approximate 2-fold is a major component of these SPB substructures.
symmetric crystalline core within the SPB is not antithet- The OP may be organized similarly, such that a large
ical to the structural and functional polarity exhibited array of a few proteins are anchored to the IL layers.
by this organelle, because a precedent exists in the However, the pronounced hexagonal organization of the
architecture of thenuclear pore complex (Akey and Rad- Spc42p core crystal would not necessarily be propa-
ermacher, 1993). gated within the architecture of the outer and central
Alternatively, a second major protein of the SPB may plaques, as the latter appears to be cylindrical. A sym-
form a crystalline layer in IL1, thereby maintaining the metry mismatch between the internal crystalline core
overall polarity of the organelle. In this model, the epitax- and the CP could be accommodated by having flexible
ial growth of the two-sided Spc42p crystal after overex- linkers that interconnect the hexagonally and cylindri-
cally packed molecules in adjacent layers. In general, apression would utilize additional contacts to form the
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of weighted back projections to a 3D volume, followed by reprojec-hybrid SPB model is attractive because the lateral
tion and realignment to the original dataset. The initial back projec-growth of SPBs during changes in cell ploidy could be
tion utilized highly filtered data (1/100 AÊ ), and each subsequentaccomplished by synchronizing internal crystal growth
iteration included higher resolution data, with the final reconstruc-
with the formation of the CP. tion including data corresponding to a theoretical resolution of z60
Our model suggests how yeast may have arrived at AÊ . The actual resolution is lower owing to signal-to-noise constraints
and the missing wedge of data resulting from the single axis±tilta simple solution to building a complex organelle. A
geometry. Results were displayed using movie-spider (Owen andcentral crystalline growth mechanism is used to regulate
Landis, 1996), Splay32, and WEB (Frank et al., 1996). The reliabilitylateral SPB size and, hence, MT number, while parallel
of the results was confirmed by reanalysis of one dataset using thefilamentous arrays provide a flexible tether for MTs.
software package Suprim (Schroeter and Bretaudiere, 1996).
Experimental Procedures Image Processing of Two-Dimensional Crystals
Two-dimensional crystals of Spc42p were digitized with a spot size
Specimen Preparation and Electron Microscopy corresponding to 6.7 AÊ /pixel. Images were analyzed using the ICE
Sucrose-gradient fractions containing SPBs from the 2.0±2.25 M software package (Hardt et al., 1996) on an SGI Indigo2 workstation.
interface and enriched about 200-fold (Rout and Kilmartin, 1990) Fourier transforms of images were computed, and the SPECTRA
were used for cryoelectron microscopy. SPB cores were prepared interactive graphical interface (Schmid et al., 1993) was used to
by addition of 1 mg/ml heparin at 1:2, sample:heparin, for 1 hr at generate 2D filtered images.We required that all included reflections
48C. Aliquots of 50±100 ml of SPBs or SPB cores were dialyzed have an IQ < 4. Crystal symmetry was evaluated first by comparison
overnight at 48C against 1±3 changes of 100 ml buffer containing of reflections to centrosymmetry; all phaseresiduals were ,308 from
10 mM Bis±Tris/Cl (pH 6.5), 0.1 mM MgCl2, with 20% (v/v) DMSO 08 or 1808, and most were ,208. Possible plane-group symmetry,
added for SPBs still retaining their microtubules. Holey plastic films consistent with the hexagonal spacing of reflections, and centro-
on 400 mesh grids were prepared, freshly carbon coated, and glow symmetry include p312, p321, p6, or p622. Phases were constrained
discharged in either air or amyl amine (Dubochet et al., 1988; Toyo- to 08 or 1808, and amplitudes of equivalent reflections were aver-
shima, 1989). Four microliter droplets were adsorbed to the grids aged. Filtered images include only reflections where phases could
and allowed to sit for 1±5 min prior to rapid freezing using a plunging be unambiguously assigned to either 08 or 1808 without restricting
device (Dubochet et al., 1988) in a humidity chamber. Specimen the plane-group symmetry further. However, the single-sided plane
grids were loaded into a Gatan cryoholder, and images recorded at group p6 could be excluded, as we frequently observed doubled
calibrated magnifications of either 14,9003 or 17,0003 using the diffraction patterns, originating from the superposition of two rota-
Philips 400 or CM12 equipped with a low dose kit. For tomographic tionally offset single layers.
reconstructions of the SPB core, tilts were collected from 2508 to
1508, with a step size of 58. Image defocus was chosen such that Acknowledgments
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